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ABSTRACT
The contemporary physics has revealed growing evidences that the emergence can be applied to
not only biology and condensed matter systems but also gravity and spacetime. We observe that non-
commutative spacetime necessarily implies emergent spacetime if spacetime at microscopic scales
should be viewed as noncommutative. Since the emergent spacetime is a new fundamental paradigm
for quantum gravity, it is necessary to reexamine all the rationales to introduce the multiverse hy-
pothesis from the standpoint of emergent spacetime. We argue that the emergent spacetime certainly
opens a new perspective that may cripple all the rationales to introduce the multiverse picture. More-
over the emergent spacetime may rescue us from the doomsday of metastable multiverse as quantum
mechanics did from the catastrophic collapse of classical atoms.
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History is a mirror to the future. If we do not learn from the mistakes of history, we are doomed
to repeat them.1 The physics of the last century had devoted to the study of two pillars: general
relativity and quantum field theory. Although the revolutionary theories of relativity and quantum
mechanics have utterly changed the way we think about Nature and the Universe, new open problems
have emerged which have not yet been resolved within the paradigm of the 20th century physics.
In particular, recent developments in cosmology, particle physics and string theory have led to a
radical proposal that there could be an ensemble of universes that might be completely disconnected
from ours [1]. Of course, it would be perverse to claim that nothing exists beyond the horizon of
our observable universe. However, a painful direction is to use the string landscape or multiverse to
explain some notorious problems in theoretical physics based on the anthropic argument [2]. “And it’s
pretty unsatisfactory to use the multiverse hypothesis to explain only things we don’t understand.”2
Taking history as a mirror, this situation is very reminiscent of the hypothetical luminiferous ether
in the late 19th century. Looking forward to the future, we may need another turn of the spacetime
picture to defend the integrity of physics.
Recent developments in string theory have revealed a remarkable and radical new picture about
gravity. In particular, the AdS/CFT duality illustrates a typical example of emergent gravity and
emergent space because gravity in higher dimensions is defined by a gravityless field theory in lower
dimensions [3]. Now we have many examples from string theory in which spacetime is not funda-
mental but only emerges as a large distance, classical approximation [4]. Therefore, the rule of the
game in quantum gravity is that space and time are an emergent concept. Since the emergent space-
time is a new fundamental paradigm for quantum gravity and it is exclusive and irreconcilable with
the conventional spacetime picture in general relativity, it is necessary to reexamine all the rationales
to introduce the multiverse hypothesis from the standpoint of emergent spacetime. The emergent
spacetime will certainly open a new prospect [5] that may cripple all the rationales to introduce the
multiverse picture.
Since the concept of the multiverse raises deep conceptual issues even to require to change our
view of science itself [1, 2], it should be important to ponder on the real status of the multiverse
whether it is simply a mirage developed from an incomplete physics like the ether in the late 19th
century or it is of vital importance even in more complete theories. We think that the multiverse
debate in physics circles has to seriously take the emergent spacetime into account.
For this purpose, let us assume that spacetime is an emergent entity from some fundamental
objects in quantum gravity [6]. This means that we do not assume the prior existence of spacetime
but define a spacetime structure as a solution of an underlying background-independent theory such
as matrix models. We will highlight that a background-independent theory such as matrix models
provides a concrete realization of the idea of emergent spacetime which has a sufficiently elegant and
1George Santayana (1863-1952).
2Graham Ross in Quanta magazine “At multiverse impasse, a new theory of scale” (August 18, 2014) and Wired.com
“Radical new theory could kill the multiverse hypothesis.”
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explanatory power to defend the integrity of physics against the multiverse hypothesis [5].
The multiverse hypothesis has been motivated by an attempt to explain the anthropic fine-tuning
such as the cosmological constant problem [7] and boosted by the chaotic and eternal inflation sce-
narios [8] and the string landscape derived from the Kaluza-Klein compactification of string theory
[9]. In summary, we list the main (not exhausting) sources of the multiverse idea [1]:
A. Cosmological constant problem.
B. Chaotic and eternal inflation scenarios.
C. String landscape.
First of all, we have to point out that these are all based on the traditional spacetime picture. The
cosmological constant problem (A) is the problem in all traditional gravity theories such as Einstein
gravity and modified gravities. So far any such a theory has not succeeded to resolve the problem A.
The inflation scenarios (B) are also based on the traditional gravity theory coupled to an effective field
theory for inflaton(s). Thus, in these scenarios, the prior existence of spacetime is simply assumed.
The string landscape (C) also arises from the conventional Kaluza-Klein compactification of string
theory. The string landscape (C) means that the huge variety of compactified internal geometries
exist, typically, in the range of 10500 and almost the same number of four-dimensional worlds with
different low-energy phenomenologies accordingly survive [9].
In string theory, there are two exclusive spacetime pictures based on the Kaluza-Klein theory
vs. emergent gravity although they are conceptually in deep discord with each other. On the one
hand, the Kaluza-Klein gravity is defined in higher dimensions as a more superordinate theory and
gauge theories in lower dimensions are derived from the Kaluza-Klein theory via compactification.
Since the Kaluza-Klein theory is just the Einstein gravity in higher dimensions, the prior existence
of spacetime is a priori assumed. On the other hand, in emergent gravity picture, gravity in higher
dimensions is not a fundamental force but a collective phenomenon emergent from more fundamental
ingredients defined in lower dimensions. In emergent gravity approach, the existence of spacetime
is not a priori assumed but the spacetime structure is defined by the theory. This picture leads to
the concept of emergent spacetime. In some sense, emergent gravity is the inverse of Kaluza-Klein
paradigm, schematically summarized by
(1⊗ 1)S ⇄ 2⊕ 0 (1)
where→ means the emergent gravity picture while← indicates the Kaluza-Klein picture.
Our leitmotif is that a consistent theory of quantum gravity should be background-independent,
so that it should not presuppose any spacetime background on which fundamental processes develop.
Hence the background-independent theory must provide a mechanism of spacetime generation such
that every spacetime structure including the flat spacetime arises as a solution of the theory itself. A
profound feature in emergent gravity is that even the flat spacetime must have a dynamical origin,
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which is absent in general relativity. It turns out [6] that the flat Minkowski spacetime is originated
from a noncommutative (NC) spacetime which is a vacuum solution in the Coulomb branch of a
large N matrix model. General solutions are generated by considering generic deformations of the
primitive vacuum. A striking fact is that the vacuum responsible for the generation of flat spacetime
is not empty and admits a separable Hilbert space as quantum mechanics. Amusingly the perverse
vacuum energy ρvac ∼ M4P known as the cosmological constant in general relativity was actually
the origin of flat spacetime. This is a tangible difference from Einstein gravity, in which Tµν = 0 in
flat spacetime. In the end, the emergent gravity reveals a remarkable picture that the cosmological
constant does not gravitate. To emphasize clearly, the emergent gravity does not contain the coupling
of cosmological constant like
∫
d4x
√−gΛ, so it presents a surprising contrast to general relativity.
In consequence, the emergent gravity definitely dismisses the problem A [10]. Therefore, there is no
demanding reason to rely on the anthropic fine-tuning to explain the tiny value of current dark energy.
The multiverse picture arises in inflationary cosmology (B) since, in most inflationary models,
once inflation happens, it produces not just one universe, but an infinite number of universes [8].
Thus an important question is whether the emergent spacetime picture can also lead to the eternal
inflation. The answer is certainly no. The reason is the following [5]. The inflationary vacuum in
emergent gravity describes the creation of spacetime unlike the traditional inflationary models that
simply describe the exponential expansion of a preexisting spacetime. Moreover, the inflation cor-
responds to a dynamical process of the Planck energy condensate into vacuum responsible for the
emergence of spacetime. An important point is that the Planck energy condensate results in a highly
coherent vacuum called the NC space. As the NC phase space in quantum mechanics necessarily
brings about the Heisenberg’s uncertainty relation, ∆x∆p ≥ ~
2
, the NC space also leads to the space-
time uncertainty relation. Therefore any further accumulation of energy over the vacuum must be
subject to the exclusion principle known as the UV/IR mixing [11]. Consequently, it is not possible
to further accumulate the Planck energy density δρ ∼ M4P over the inflating spacetime. This means
that it is impossible to superpose a new inflating subregion over the inflationary universe. In other
words, the cosmic inflation triggered by the Planck energy condensate into vacuum must be a single
event [5]. In the end, we have a beautiful picture: The NC spacetime is necessary for the emergence
of spacetime and the exclusion principle of NC spacetime guarantees the stability of spacetime.3
The above argument suggests an intriguing picture for the dark energy too. Since the flat spacetime
arises from the vacuum obeying the Heisenberg algebra, any local fluctuations over the NC spacetime
must also be subject to the spacetime uncertainty relation or UV/IR mixing. This implies that any
UV fluctuations are paired with corresponding IR fluctuations. For example, the most typical UV
fluctuations are characterized by the Planck mass MP and these will be paired with the most typical
IR fluctuations with the largest possible wavelength denoted by LH = M−1H . This means that these
UV/IR fluctuations are extended up to the scale LH which may be identified with the size of our
3This situation is similar to quantum mechanics rescued us from the catastrophic collapse of classical atoms. Similarly
the emergent spacetime may rescue us from the doomsday of metastable multiverse as warned in another essay [12].
3
observable universe, LH ∼ 1.3 × 1026 m. A simple dimensional analysis shows that the energy
density of these fluctuations is roughly equal to the current dark energy, i.e.,
δρ ∼ M4DE =
1
L2PL
2
H
∼ (10−3eV)4. (2)
Thus the emergent gravity predicts the existence of dark energy whose scale is characterized by the
size of our visible universe [10].
An important point is that the emergence of gravity requires the emergence of spacetime too. If
spacetime is emergent, everything supported on the spacetime should also be emergent. In particular,
matters cannot exist without spacetime and thus must be emergent together with the spacetime. Even-
tually, the background-independent theory has to make no distinction between geometry and matter
[6]. This is the reason why the emergent spacetime cannot coexist peacefully with the Kaluza-Klein
picture. As we pointed out before, the string landscape was derived from the Kaluza-Klein compact-
ification of string theory. However, if the emergent spacetime picture is correct, the string landscape
may be endowed with a completely new interpretation since reversing the arrow in (1) accompanies
a radical change of physics. For example, a geometry is now derived from a gauge theory while
previously the gauge theory was derived from the geometry.
The Kaluza-Klein compactification of string theory advocates that the Standard Model in four
dimensions is determined by a six-dimensional internal geometry, e.g., a Calabi-Yau manifold. Thus
different internal geometries mean different physical laws in four dimensions, so different universes
governed by different Standard Models. However, the emergent gravity reverses the arrow in (1).
Rather internal geometries are determined by microscopic configurations of gauge fields and matter
fields in four dimensions. As a consequence, different internal geometries mean different micro-
scopic configurations of four-dimensional particles and nonperturbative objects such as solitons and
instantons. In this picture, the huge variety of internal geometries may correspond to the ensemble
of microscopic configurations in four dimensions and 10500 would be the Avogadro number for the
microscopic ensemble. Recall that NC geometry begins from the correspondence between the cat-
egory of topological spaces and the category of commutative algebras over C and then changes the
commutative algebras by NC algebras to define corresponding NC spaces. In this correspondence,
different internal geometries correspond to choosing different NC algebras. A crucial point is that the
latter allows a background-independent formulation which does not require a background geometry.
Hence a background-independent quantum gravity seems to bring a new perspective that cripples all
the rationales to introduce the multiverse hypothesis.
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